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Abstract 
Past experience has shown that stringer-to-cross-girder connections in riveted railway bridges are 
susceptible to fatigue cracking. This fatigue damage is caused by secondary stresses, which develop in the 
different components of the connection. For this reason, more detailed analysis techniques are needed to 
capture this type of behaviour. In this paper, a finite element (FE) model of a typical riveted railway 
bridge is developed by incorporating the detailed local geometry of a stringer-to-cross-girder connection 
into the global bridge model. Prior to the development of this model, benchmark FE studies are carried 
out on a double-lap joint and the results are presented in terms of stress concentration factors and stress 
gradients. Further verification studies are carried out on a local bridge connection FE model, in terms of 
its rotational stiffness. Following this investigation, a refined FE model of the bridge is analysed under 
the passage of a freight train. Principal stress histories at different components of the connection are 
obtained, which are then combined with the plain material S-N curve, in order to identify the most 
fatigue-critical locations of the connection. These are identified as being the rivet holes and, in some 
cases, the angle fillet. By considering different rivet clamping stresses and different rivet defect scenarios 
it is found that the most damaging effects are caused by the presence of clearance between the rivet shank 
and the hole, and the loss of a rivet. The rivet clamping stress is also found to affect fatigue damage 
considerably.  
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1.   Introduction 
During the past few decades, different research initiatives, focusing on the fatigue performance of riveted 
railway bridges, have been carried out. In view of the large number of these bridges in North America and 
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Europe, as well as their considerable age, which in many cases already exceeds 100 years, different 
methodologies for their fatigue assessment have been developed [1,2]. Most of these efforts have aimed at 
estimating the remaining fatigue lives of the primary bridge members, such as stringers [3-6], cross-
girders [4,6-8], truss diagonals [3] or truss hangers [4-6], employing simple structural bridge models with 
beam elements. Identification of the fatigue-critical members was usually carried out empirically. 
 
However, most of the fatigue damage that has been reported on riveted bridges has been observed on the 
riveted connections between the primary members. This damage has been attributed to secondary effects 
such as out-of-plane deformations [9,10]. For this reason, refined finite element (FE) models of riveted 
bridge connections, consisting of an assembly of a few stringers, cross-girders and the connection 
components (angle, rivets) have been investigated in the recent past [11,12]. Stress analysis of these 
models, which were carried out under single point loads application, have revealed that the angle fillet 
and the rivet head-to-shank junction are fatigue-critical locations where cracks may initiate. While the 
criticality of these locations has been confirmed through full-scale experiments on bridge parts [13], no 
quantitative estimates of fatigue damage based on full train stress histories in conjunction with detailed 
connection models have been reported so far. 
 
In a previous study [14], the FE model of a typical short-span, plate girder, riveted railway bridge was 
constructed using exclusively shell elements and analysed in order to determine the most fatigue-critical 
connections of the bridge. This bridge model, which is shown together with its relevant dimensions in 
Fig. 1, was used to produce stress histories under historical and present day train traffic. By assuming that 
the connections were fully fixed and considering the Miner damage, the inner stringer-to-cross-girder 
connections were found to be the most highly-damaged, as indicated in Fig. 1 [14,15]. The fixed 
connection assumption made in [14] has been shown to result in the highest fatigue damage [16]. 
Furthermore, previous studies have demonstrated that this assumption results in stress histories, which are 
in better agreement with field measurements in similar bridges [17]. 
 
Although the type of modelling used in [14,16] permits ranking of the connections in terms of their 
fatigue criticality, it does not take into account the local connection geometry. However, fatigue cracks 
may develop at different locations in the connection such as holes, rivets and angle clips. These ‘hot 
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spots’ are by virtue of their local geometry stress raisers, which naturally promote fatigue crack growth. 
Depending on the location of these hot spots in a connection, the fatigue life may vary considerably.  
 
For these reasons, in this paper, the previous global bridge model shown in Fig. 1 is enhanced at the 
location of one of the most fatigue-critical stringer-to-cross-girder connections. The full connection 
geometry with its detailed characteristics is taken into account in this model, which is referred to in the 
sequel as the ‘global-local’ model. However, three-dimensional (3-D), FE modelling of a riveted 
connection involves not only its geometrical representation, but also has to take into account various 
features such as contact and friction between the connecting parts as well as the clamping forces in the 
rivets. Prior to the development of such a complex model, a simple double-lap, riveted joint, 
incorporating these features, is investigated here using the FE method. The results of this benchmark 
study are presented in the form of stress concentration factors (SCF) and stress gradients around the rivet 
hole and are compared with published results. Further to this study, a 3-D FE model of a riveted bridge 
connection consisting of an assembly of a cross-girder and two stringers is also developed. Comparisons 
of its rotational stiffness with the results on similar types of connection presented elsewhere are carried 
out.  
 
Following these benchmark studies, the local connection geometry is incorporated in the global bridge 
model shown in Fig. 1. The analyses of the global-local model are carried out under the passage of a BS 
5400 [18] freight train over the bridge. Principal stress histories are obtained at various locations in the 
connection and fatigue damage is estimated using the plain material S-N curve and Miner’s rule. In doing 
so, the different components of the connection are ranked according to their S-N-calculated fatigue 
damage. The effect of rivet clamping force and various rivet defect scenarios on fatigue damage is 
investigated, and fatigue crack initiation patterns from the hot spots are presented.  
 
2.   Benchmark Studies 
2.1.   Riveted Double-Lap Joint 
The FE model of the double-lap joint is shown in Fig. 2(a) together with its dimensions. This joint, which 
was investigated by Carter [19], consists of two outer plates with a thickness of 9.5 mm each, a middle 
plate with a thickness of 11.1 mm and a single 25.4 mm diameter rivet. The top and bottom plates are 
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translationally fixed on their right end faces B1-B2 and C1-C2, respectively. The load is applied on the 
left face of the middle plate as a uniform pressure P. In order to enable comparisons with published 
results, a very low clamping stress of 1 MPa is considered in the analysis. The FE mesh of the double-lap 
joint consists of approximately 11600 elements and 45000 degrees of freedom. 
 
The FE analyses are performed with the commercial FE-code ABAQUS [20]. Contact between the 
individual parts of the assembly (plate-to-plate, rivet head-to-plate and rivet-to-hole) is modelled using 
contact pairs and the master-slave surface algorithm of ABAQUS. 8-noded brick elements with full 
integration are used to model the plates and rivet. A Coulomb friction model with an assumed coefficient 
of friction of 0.3 is considered in the analysis. The surfaces of the rivet head are forced to remain in 
contact with the plates throughout the analysis. The clamping stress in the rivet is modelled using the 
*PRE-TENSION SURFACE* option of ABAQUS at the mid-length location of the rivet. The plates and 
rivet are assumed to behave elastically with a Young's Modulus of 200 GPa and a Poisson's ratio of 0.3. 
The FE analysis is performed in two steps. The clamping stress in the rivet is applied during the first step. 
In the second step the external load is applied in addition to the clamping stress. Following the 
recommendations made in [21,22], 4 layers of brick elements are used here through the thickness of each 
plate and 24 elements around the perimeter of the rivet. 
 
The results obtained from the analysis of the double-lap joint are presented here in the form of SCF, stress 
distributions and stress gradients at the edge of the hole. A total of six points, two on each plate, at their 
top and bottom surfaces, are investigated as shown in Fig. 2(b). Points F and G correspond to the top 
plate, points H and I to the middle plate and points J and K to the bottom plate. The SCF are compared 
with values given in [23], where 3-D FE analyses of a plate with a hole subjected to loading conditions 
such as remote tension, remote bending and wedge loading were carried out. Wedge loading may be 
assumed to be representative of a pin bearing on the hole. The compound SCF Kp, arising from the 
superposition of wedge and external tension loading, may be approximated as [23] 
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where Kw and Kt are the SCF for wedge and remote tension loading, respectively, r is the hole radius and 
w is the plate half-width. The SCF for wedge loading is defined as 
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where σ11 is the longitudinal stress at the point of consideration, P´ is the wedge load (= P×2w×t) and t is 
the thickness of the relevant plate. Kt is defined in the usual way as 
P
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Stress concentration equations for Kt and Kw were developed in [23] by fitting the FE results to a double-
series polynomial equation in the form of 
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where n=t for remote tension and n=w for wedge loading and z is the depth measured along the thickness 
of the plates. 
 
Table 1 compares, at different locations indicated in Fig. 2(b), the SCF obtained from the present FE 
analysis with Kp. Reasonable overall agreement may be seen between the two sets of results with the 
maximum difference being 25% (top/bottom plate). The discrepancies between these results are smaller 
(approximately 20%) in the case of the middle plate. These differences observed between the two sets of 
results may be attributed to the fact that the pin was not modelled explicitly in [23], as was done in the 
present FE analysis. Instead, pin loading was represented by applying a normal pressure loading to the 
hole, having a cosine distribution throughout the plate thickness [23].     
 
Further to the SCF results, stress gradients at the hole edge are also compared with published results. The 
stress gradient at a notch is perhaps of greater importance than the SCF because fatigue crack initiation 
and the crack propagation process depend primarily on the level of loading experienced ahead of the 
crack tip [24]. Thus, a lower stress gradient implies a higher average stress acting over a small region 
ahead of the notch and is, therefore, more critical. 
 
Fig. 3 shows the longitudinal stress distribution, normalised by the remote stress P in each plate, along the 
width of each plate from the edge of the hole (x/2w = 0.165) up to the outer edge of the plate (x/2w = 0.5). 
Three sets of curves are obtained corresponding to the points shown in Fig. 2(b). The theoretical 
distribution for an infinite plate with a central empty hole [25] is also shown in the figure. According to 
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the results shown in Fig. 3, a crack would be expected to initiate at the edge of the hole in the middle 
plate, at the interface between the plates. This type of damage has been observed in fatigue tests carried 
out on steel riveted lap joints [19,26]. Moreover, it can also be seen in Fig. 3 that a hole containing a rivet 
results in a higher SCF than an empty hole and is, therefore, more fatigue-critical. This is due to the effect 
of rivet bearing which is the most important source of stress concentrations in rivet-loaded holes [19]. 
 
The relative stress gradient at edge of the hole (x/2w = 0.165) can be calculated as [27] 
dx
dQ 11
max
1 σ
σ=             (5) 
where σmax is the peak stress. By using the theoretical stress distribution [25], Fuchs and Stephens derived 
an expression for the relative stress gradient at the edge of the hole in an infinite plate, which is given as 
[27] 
rQ 33.2−=                       (6) 
In [28], a different expression for Q was given as 
rSCF
Q 112 ⎟⎠
⎞⎜⎝
⎛ +−=             (7) 
On the other hand, the values obtained from [29] are for the case of finite width plates with a central hole. 
These values were obtained by using a number of different exact analytical solutions for the stresses in 
the neighbourhood of a circular hole in conjunction with Eq. (5).  
 
Table 2 compares the relative stress gradients estimated from the FE results with different values obtained 
from the literature. As can be seen, the FE results agree well with the results published in the literature 
with the maximum difference being of the order of 50%. The differences observed between the FE and 
the analytical results may be attributed to the fact that the latter are used for the case of a plate with an 
empty hole. The lower stress gradients obtained by the FE analysis confirm the higher criticality of a 
rivet-loaded hole when compared to an empty hole.   
 
Overall, the FE results obtained from the analysis of the double-lap joint showed good agreement with 
theoretical results obtained from the literature in terms of both SCF and stress gradients.  
 
2.2.   Local bridge connection model 
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Here, a local riveted bridge connection model is developed using the modelling techniques discussed 
previously. The refined connection model, which consists of an assembly of a cross-girder and two 
stringers, is shown in Fig. 4. The two ends of the cross-girder and the end of one stringer are modelled as 
fixed. The remaining stringer is modelled as a cantilever. The connection consists of four 76×76×12.6 
mm angles, each riveted to the stringer and cross-girder webs using two and three 19 mm rivets, 
respectively. All the connection angles, the rivets and part of the cross-girder and the stringers are 
modelled by using 8-noded brick elements with full integration. The remaining part of the assembly is 
modelled using 8-noded shell elements. A shell-to-solid interface is used for the transition from the shell 
elements away from the connection to the brick elements. Different clamping stresses, assumed to be 
equal in all the rivets, were considered. These ranged between 50 to 200 MPa, which are in broad 
agreement with field observations [30,31]. A Young's Modulus of 200 GPa, Poisson's ratio of 0.3 and 
linear elastic behaviour is assumed for the FE analyses. A point load Fa is applied on one of the stringers 
at an arbitrary distance from the connection as shown in Fig. 4 and is increased in steps in order to 
investigate the moment-rotation behaviour of the connection.  
 
The moment-rotation behaviour of the connection is shown in Fig. 5 for different values of the rivet 
clamping stress (50-200 MPa) labelled as C50 to C200 in the legend. The rotation reported in the figure is 
the relative rotation of the stringer with respect to the cross-girder, as shown in the inset of Fig. 5. The 
initial slopes of the moment-rotation curves (up to approximately 0.001 rad) are slightly higher than the 
slopes of the remaining part of the curves. This may be attributed to the effect of friction which is taken 
into account in the FE model by defining a coefficient of friction of 0.3 between the surfaces that are in 
contact. The rotational stiffness of the connection can be seen to be only marginally affected by the rivet 
clamping stress. This was also observed in [12] through FE analyses of a stringer-to-cross-girder 
connection. 
 
Table 3 compares the rotational stiffness of the connection, corresponding to a 50 MPa and 200 MPa rivet 
clamping stress with values published in the literature. With the exception of [32] and [36], which 
considered stringer-to-cross-girder connections, the remaining published analytical models were 
developed in order to represent the rotational stiffness of double-angle, beam-to-column connections. In 
[32-34], the connection angle was modelled as a series of beam elements and it was assumed that it is 
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fixed at the centreline of the fasteners and that the column flange to which the beam is connected is rigid. 
In [35], the part of the angle connected to the column flange was modelled as a thick plate. In [36], which 
was based on a number of tests carried out on various connections, the connection stiffness was related to 
the number and size of the rivets. The large differences observed in Table 3 can be attributed to the 
different assumptions used in the analytical models. The results of the present FE model can be seen to lie 
below the analytical results but considerably higher than the prediction of the test-based model. The 
stringer-to-cross-girder connection behaviour predicted by the FE analysis is more flexible when 
compared to the analytical models for beam-to-column connections. In the case of stringer-to-cross-girder 
connections, the cross-girder web to which the stringer is connected is more flexible thus resulting in a 
lower rotational stiffness than the beam-to-column connections where the column flange was assumed 
rigid. Another reason for the high rotational stiffnesses predicted by the analytical models is the 
assumption that the leg of the angle connected to the column flange is fixed at the centreline of the 
fasteners. It would appear that the angle is only partially fixed at that location. The thick plate 
representation in [35] can be seen to predict an even more rigid connection behaviour than the others 
resulting in the highest rotational stiffness value.        
 
3.   Global-Local Fatigue Analysis 
3.1. Model Description 
Details on the global bridge model (Fig. 1), which was constructed using shell elements, may be found in 
[14]. Fatigue studies [14] identified the inner stringer-to-cross-girder connections as the most fatigue-
critical. Here, the local FE model of Fig. 4 is incorporated in the global model in one of these critical 
locations as shown in Fig. 6. This type of modelling permits fatigue damage calculations to be carried out 
for the individual components of the connection (angles, rivets). Furthermore, the global-local model 
allows the local flexibility of the connection to be accounted for. A close-up view of the FE model at and 
near the connection region is shown in Fig. 7 together with the nomenclature that will be used to identify 
its different parts. The entire global-local FE model consists of approximately 67000 brick elements and 
20000 shell elements. Different values of rivet clamping stress, assumed to be the same in all the rivets, 
are investigated, ranging from 50 to 200 MPa. FE analyses are carried out assuming a Young's Modulus 
of 200 GPa, a Poisson's ratio of 0.3 and linear elastic material behaviour.  
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3.2.   Bridge Loading 
The bridge is loaded with the BS 5400 train No 7 [18], which consists of an engine car in front followed 
by ten similar wagons. This train has a maximum axle load of 25 tons. For the purposes of the analyses, 
the train is traversed in 1 m steps over one track of the bridge, as shown in Fig. 6, up to the point of load 
repetition, which is caused by the passage of the same wagons. Axle loads are applied directly on the top 
flange of the stringers neglecting the beneficial effect of any load spread due to the rails and sleepers. 
However, the self-weight of the bridge members and the superimposed dead load due to the sleepers and 
rails are taken into account in the FE model. The loads are applied quasi-statically and no dynamic 
amplification is considered. 
 
3.3.   Fatigue Damage Calculation 
The damage caused by the passage of the train is calculated by first converting the FE principal stress 
histories at various connection hot spots into stress range blocks using the rainflow counting method and 
then applying Miner's rule. A design (mean minus two standard deviations) S-N curve, related to 
wrought-iron plain material [37], is used for the calculation of fatigue damage. The fatigue limit for this 
detail class is equal to 65 MPa at 107 cycles and the slope of the S-N curve above the fatigue limit is equal 
to 1/4. A two-slope S-N curve is used as proposed by BS 5400 [18] for variable amplitude loading. The 
change of slope from 1/m to 1/(m+2) occurs at 107 cycles. Accordingly, the fatigue damage for a single 
train passage will be given as 
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where (Δσp)i and (Δσp)j are the ith and jth principal stress ranges, ni and nj are the number of cycles in each 
(Δσp)i and (Δσp)j, and k1 and k2 represent the number of different stress range blocks respectively above or 
below the fatigue limit Δσ0. 
 
3.4.   Rivet Defect Scenarios 
In addition to different rivet clamping stresses (50 to 200 MPa), the effect of different rivet defect 
scenarios on fatigue damage is also investigated. These scenarios are considered for rivet 1 (see Fig. 7), 
based on field observations, which have shown that fatigue damage in stringer-to-cross-girder 
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connections is more likely to occur in either the top or the bottom rivets [32]. The scenarios, which are 
considered here are (i) loss of clamping force, (ii) complete loss of the rivet, (iii) partial loss of the rivet 
head, (iv) offset of the rivet head and (v) presence of a clearance between the rivet and its hole. 
 
Loss of clamping stress in a rivet may be gradual over a number of years through relaxation of the rivet 
due to vibrations and fretting between the connection components [32]. Moreover, tensile overloads in the 
rivets may also cause local yielding in the rivet head-to-shank junction leading to a partial or even 
complete loss of clamping force. The complete loss of a rivet, which is modelled by simply removing the 
rivet from the FE model, may result from its fatigue failure. A small rivet head may be caused by poor 
pressing during the riveting process or due to material loss caused by corrosion. For the purposes of the 
present study, a smaller rivet head of 12 mm radius, as compared to the 16 mm radius of the original rivet 
head, is assumed for rivet 1. Rivet head offset may result from eccentric punching during assembly of the 
connection. In the present study, a 3 mm eccentricity of the rivet 1 head towards the outer edge of the 
angle is assumed. Clearances between the rivet and its hole may come about through insufficient heating 
and/or punching during the riveting process or through material loss from corrosion of the rivet shank. 
For the purposes of the analyses, a 0.5 mm clearance between rivet 1 and its corresponding hole is 
examined.    
 
3.5.   Results and Discussion 
The FE analyses of the global-local model under train loading have identified several regions of high 
stress concentration in the connection. In general, the positions of these highly-stressed (hot spot) regions 
vary as the train is traversed over the bridge. Despite this, hot spots were typically located along the 
connection angle fillet, along the circumference of the rivet holes on the face of the connection angle 
which is in contact with the cross-girder and the stringer webs, and on the rivets around their 
circumference at the head-to-shank junction.  
 
The fatigue damage was calculated using Eq. (8), for a number of points in the highly-stressed regions. 
Based on these calculations the most fatigue critical hot spots are shown in Fig. 8. Fig. 9 depicts the 
single train fatigue damage of the hot spots shown in Fig. 8, for different clamping stresses. As can be 
seen in Fig. 9, with the exception of the angle fillet location, a higher rivet clamping stress results in 
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lower fatigue damage. Overall, Fig. 9 demonstrates that the most damaged regions in the connection are 
holes 4 and 5. On the other hand, the least damaged components are the rivets. By contrast, the angle fillet 
may become the most fatigue-critical location when rivet clamping is large. 
 
Fig. 10 presents fatigue damage corresponding to the rivet defects itemised in Section 3.4. The results for 
a 100 MPa rivet clamping stress and no rivet defects are also shown, by way of comparison. As can be 
seen, holes remain the most fatigue-critical locations, irrespective of defect. Again, the least damaged 
parts of the connection are the rivets. Furthermore, loss of rivet 1 and rivet clearance in hole 1 appear to 
shift the damage from holes 4 and 5 to hole 2, which is adjacent to the defective region. In the case of 
rivet loss, it can be seen in Fig. 10 that the fatigue damage of the hole from which the rivet is lost (hole 1) 
reduces to almost negligible levels which can be attributed to the absence of bearing of the rivet on the 
hole. Furthermore, defects associated with loss and offset of the rivet head and loss of clamping stress are 
seen not to be that significant resulting only in small changes in the fatigue damage of the connection. 
The results shown in Fig. 10 demonstrate that defects in any one of the rivets influence mostly its adjacent 
locations. Consequently, these changes appear to be less significant in the angle fillet and rivets/holes 4 
and 5.  
 
Fig. 11(b) shows the side of the angle leg, which is in contact with the cross-girder web, together with the 
hot spots at the angle holes identified in Fig. 9. Fig. 11(c) depicts the vector plots of the maximum 
principal stress indicating its direction, for a particular load step and assuming a 100 MPa rivet clamping 
stress. Finally, Fig. 11(a) shows possible crack initiation patterns at the region near each hot spot. The 
direction of the maximum principal stress at each of these hot spots was found to rotate as the train was 
traversed over the bridge, but not by a considerable amount (maximum of 30°). The directions indicated 
in Fig. 11(c) may, therefore, be thought of representing an average principal stress direction for a train 
passage. It can be seen in Fig. 11(c) that the maximum principal stresses act along an average direction 
which is approximately normal to the hole radius passing through the hot spot.  The crack initiation 
patterns on the holes of the stringer leg of the angle were found to be very similar to the ones shown in 
Fig. 11. The only difference is that in this case, cracks are expected to initiate and propagate from the 
bottom part of the holes. 
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Fig. 12(b) shows the hot spot at the angle fillet, assuming a 100 MPa clamping stress. Also shown in Fig. 
12(c) are vector plots of the maximum principal stress at the hot spot for a particular load step. Finally, 
Fig. 12(a) depicts a possible crack initiation pattern at the fillet region. The direction of the maximum 
principal stress at the fillet hot spot was also found to rotate as the train was traversed over the bridge, by 
a maximum angle of 35°.  
 
Although the present FE results show that the rivets are the least damaged components of the connection, 
fatigue cracking in these has been reported on a number of occasions [10,32]. For this reason, fatigue 
crack initiation patterns based on the present FE results are also presented for the rivets. The region of the 
hot spot on rivet 1 is shown in Fig. 13(b). Fig. 13(c) shows vector plots of the maximum principal stress 
at the hot spot, for a particular load step, while Fig. 13(a) depicts a possible crack initiation pattern at the 
rivet. The direction of the maximum principal stress was found to rotate slightly by a maximum angle of 
20° as the train was traversed over the bridge. As can be seen in Fig. 13(a), the expected crack initiation 
direction is slightly inclined and will eventually lead to rivet head pop-out. This type of damage pattern 
was predicted by the FE analyses for all the rivets of the connection. 
 
The fatigue crack initiation hot spots predicted by the FE results are similar to fatigue damage cases 
observed in recent field investigations in which cracks have been detected in stringer-to-cross-girder 
connections initiating from either the connection angle fillet or from the rivet holes [9,10,32]. The FE-
predicted direction of the cracks initiating in the angle fillet is also in broad agreement with the crack 
initiation patterns observed in a series of full-scale tests of stringer-to-cross-girder connections [10]. Rivet 
head pop-outs resulting from cracks similar to the ones predicted by the FE analyses (Fig. 13) have also 
been detected in the field [9,10,32].    
 
It should be noted that the damage patterns presented in Figs. 11 to 13 are an indication of the crack 
initiation phase only. These crack orientations would most certainly change as the length of the crack 
increases. The present model is not able to capture crack development.  
 
Lastly, the results presented in Figs. 9 and 10 should not be viewed as an absolute prediction of the 
fatigue strength of the investigated connection. The global-local FE analysis was carried out in order to 
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investigate the relative criticality of the different connection components (angle fillet, rivet holes, rivets). 
The points of crack initiation presented in Figs. 11 to 13 are also points of numerical singularities. 
Convergence studies using the global-local FE model revealed that the stresses obtained from the FE 
analysis do not converge with increasing mesh density. The ‘hot-spot stress method’, which has been 
developed in the past, appears to overcome this inconsistency [38, 39]. However, this method has been 
developed for the fatigue analysis of welded details and its applicability for non-welded details, such as 
riveted connections, has not yet been established.  
 
4.   Conclusions 
This paper has presented fatigue damage results obtained from FE analyses of a riveted railway bridge. 
FE modelling techniques were initially verified through benchmark studies on a double-lap joint and a 
local riveted bridge connection model in terms of stress concentration factors, stress gradients and 
connection rotational stiffness. These benchmark studies showed good agreement between the FE results 
and results published in the literature. A refined connection model was subsequently incorporated in the 
global bridge model. Analyses of the global-local model under the passage of a freight train showed that 
the rivet clamping stress has a considerable effect on the fatigue damage of the different components of 
the connection. The most highly damaged regions of the connection were found to be the holes on the 
stringer leg of the connection angle. By contrast, the rivets were found to be the least damaged 
components of the connection. When rivet defects were considered, the most damaging cases were found 
to be the presence of clearance between the rivet shank and rivet hole and the loss of a rivet. Fatigue crack 
initiation patterns predicted by the FE analyses were found to be in broad agreement with field 
observations. 
 
Fatigue assessment of connections in large structures will always depend on physical experiments and 
field observations, as the phenomena and types of behaviour involved are too complex and subject to 
considerable uncertainties and factors that cannot be accounted for explicitly and quantitatively. 
However, the numerical modelling methods presented in this paper can offer additional insight and can 
help in planning and guiding any required tests. 
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Table 1 SCF due to pin loading for a double-lap joint (P=30 MPa). 
 
Location of stress concentration 
Top plate Middle plate Bottom plate 
F G H I J K 
[23] 1.08 1.08 1.07 1.07 1.08 1.08 
Present study 0.97 0.86 1.32 1.32 0.86 0.97 
 
 
 
 
 
 
Table 2 Stress gradients Q at the edge of the hole for a double-lap joint (P=30 MPa). 
 
Location of stress concentration 
Top plate Middle plate Bottom plate 
F G H I J K 
FE results -0.14 -0.13 -0.14 -0.14 -0.13 -0.14 
 Eq. (6) [27] -0.18 -0.18 -0.18 -0.18 -0.18 -0.18 
Eq. (7) [28] -0.18 -0.19 -0.18 -0.18 -0.19 -0.18 
[29] -0.20 -0.20 -0.20 -0.20 -0.20 -0.20 
 
 
 
 
 
 
Table 3 Rotational stiffness according to different sources. 
Source Rotational stiffness (kN·m/rad) 
FE (50 MPa clamping stress) 1.92×104
FE (200 MPa clamping stress) 2.02×104 
[32] 1.00×105 
[33] 5.50×104 
[34] 4.35×104 
[35] 2.86×105 
[36] 1.42×103 
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Figure 1 Global FE model of the bridge and relevant dimensions. 
 
 
 
 
 
Figure 2 (a) Finite element model of a riveted double-lap joint (b) locations under consideration. 
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Figure 3 Normalised longitudinal stress distribution along the plate width of a double-lap joint (P=30 
MPa). 
 
 
 
Figure 4 Finite element model of the stringer-to-cross-girder connection. 
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Figure 5 Moment-rotation behaviour of the stringer-to-cross-girder connection. 
 
 
 
 
 
Figure 6 Global-local FE model of the riveted bridge. 
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Figure 7 Close-up view of the global-local FE model at the connection region. 
 
 
 
Figure 8 Hot spot locations at different parts of the stringer-to-cross-girder connection. 
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Figure 9 Effect of rivet clamping stress on connection damage. 
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Figure 10 Effect of various rivet defects on fatigue damage. 
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Figure 11 Cross-girder side of connection angle (clamping stress =100 MPa) (a) Possible crack initiation 
patterns (b) Fatigue crack initiation hot spots on holes (c) Vector plot of maximum principal stresses. 
 
 
 
 
Figure 12 (a) Possible crack initiation pattern on angle fillet (b) Fatigue crack initiation hot spot 
(clamping stress=100 MPa) (c) Vector plot of maximum principal stress. 
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Figure 13 (a) Possible crack initiation pattern on rivet 1 (b) Fatigue crack initiation hot spot (clamping 
stress=100 MPa)  (c) Vector plot of maximum principal stresses.  
 
 
 
 
 
